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A B S T R A C T

Arsenic (As) contamination in groundwater persists in South Asia. Precipitated amorphous Fe(III)-oxides regulate
the mobilization of aqueous As and iron (Fe) within the hyporheic zone (HZ). Depending on the chemical sta-
bility of these Fe(III)-oxides, this so-called Natural Reactive Barrier (NRB) can function as a sink or source of
aqueous As and Fe within shallow alluvial aquifers under influences of tidal and seasonal fluctuations of river
stage. The extent to which surficial lithology influences the As mobility along a riverine (upstream) to tidal
(downstream) continuum is uncertain. To explore this process along a tidally fluctuating river, two new study
sites with contrasting surface lithology were characterized along the banks of Hooghly River. The upstream
sandy riverbank aquifer experiences robust mixing with oxygen-rich surface water under influences of tidal
fluctuations which maintain oxic conditions in the riverbank aquifer. Introduced riverine dissolved oxygen (DO)
drives the in-situ precipitation of crystalline Fe(III)-oxides which remove dissolved As and Fe from groundwater
before discharging to the river. Although sediment from the downstream silt-capped riverbank contains higher
concentrations of sedimentary As and Fe compared to the sandy site, lower proportions of crystalline Fe(III)-
oxide minerals were observed. Arsenic was more easily mobilized from the aluminosilicate clay minerals to
which the As was primarily bound at the silt-capped riverbank, compared to the As bound to Fe(III)-oxides at the
sandy site. Thus, aluminosilicates can be an important source of dissolved As. These findings demonstrate that
the surficial lithology of a riverbank along a tidally and seasonally fluctuating river regulates the mobility of As
and its mineralogical association within riverbank sediments in shallow riverbank aquifers.

1. Introduction

Shallow aquifers in the Bengal Basin’s Ganga-Brahmaputra-Meghna
(GBM) delta, stretching from West Bengal in India to Bangladesh,
represent the most severe case of dissolved geogenic arsenic (As)
contamination globally (Bhowmick et al., 2013; Chowdhury et al., 2000;
DPHE/BGS, 2001; Fendorf et al., 2010; Nickson et al., 2000; Smedley
and Kinniburgh, 2002; Smith et al., 2000). Despite decades of sustained
efforts by governments, non-profit and inter-governmental organiza-
tions, and scientists to mitigate the As poisoning, the number of people
(~100 million people) exposed to toxic concentrations of groundwater-
borne As (>10 µg/L) remains relatively unchanged in South Asia

(Chakraborti et al., 2009; Chakraborty et al., 2015; Human Rights
Watch, 2016; Smith et al., 2000).

It is generally accepted that an important source of dissolved As in
shallow aquifers in South and Southeast Asia is the microbially-
mediated reductive dissolution of As-bearing Fe(III)-oxyhydroxide
minerals (referred to herein as Fe(III)-oxides) (Fendorf et al., 2010;
Harvey et al., 2002; Islam et al., 2004; Mailloux et al., 2013; McArthur
et al., 2001; Nickson et al., 2000; Polizzotto et al., 2008; Smedley and
Kinniburgh, 2002; Stahl et al., 2016; van Geen et al., 2004). However,
the process of advective transport of reactants, such as dissolved organic
carbon (DOC), to sites of reaction with solid-phase minerals, such as Fe
(III)-oxides, and the advective transport of their products through

* Corresponding authors.
E-mail addresses: kkwak@tamu.edu (K. Kwak), tom.varner@my.utsa.edu (T.S. Varner).

Contents lists available at ScienceDirect

Journal of Hydrology

journal homepage: www.elsevier.com/locate/jhydrol

https://doi.org/10.1016/j.jhydrol.2024.131773

Journal of Hydrology 641 (2024) 131773 

Available online 6 August 2024 
0022-1694/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:kkwak@tamu.edu
mailto:tom.varner@my.utsa.edu
www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2024.131773
https://doi.org/10.1016/j.jhydrol.2024.131773
https://doi.org/10.1016/j.jhydrol.2024.131773
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2024.131773&domain=pdf


heterogeneous sedimentary layers produce a highly heterogeneous dis-
tribution of dissolved As concentrations (Aziz et al., 2008; Chakraborty
et al., 2020, 2015; Kazmierczak et al., 2022; Mailloux et al., 2013;
Polizzotto et al., 2008; Stahl et al., 2016; Xia et al., 2023).

In the Bengal Basin, ancient fluvial processes control the stratigraphy
of the alluvial aquifers whereas recent fluvial processes shape land-
surface morphology along current riverbanks (Goodbred et al., 2003;
Kuehl et al., 2005; Wilson and Goodbred, 2015). The spatial variability
of dissolved As is influenced by the hydro-stratigraphic settings shaped
by these ancient (Aziz et al., 2008; Kazmierczak et al., 2022; Postma
et al., 2007; Weinman et al., 2008) and recent fluvial processes (Stahl
et al., 2016; Stute et al., 2007; Wallis et al., 2020). In their detailed study
of the 25 km2-sub-district of Araihazar in central Bangladesh, Weinman
et al. (2008) reported that the dissolved As concentrations are largely
influenced by the grain size, thickness, and distribution of fine-grained
sediments overlying the buried sandy aquifers in Bangladesh. They
demonstrated that the dissolved As concentrations were generally lower
in areas where aquifer sands are exposed at or near the surface, but
higher beneath or adjacent to thicker layers of find-grained deposits.
Groundwater modeling (Desbarats et al., 2014; Mozumder et al., 2020)
and tritium–helium age-dating (Stute et al., 2007) demonstrated orders
of magnitude differences in travel times from ground surface to the
depth of 20 to 30 m. This is the depth interval in which the highest
dissolved As concentrations typically occur within shallow aquifers.
Empirical studies in Araihazar found that shallow unconfined aquifers
have average residence times of months to years, whereas clay or silt-
capped aquifers typically have residence times of tens to hundreds of
years (Aziz et al., 2008; Stute et al., 2007). Furthermore, shallow aqui-
fers underlying floodplains which are annually inundated by river water
have some of the highest As concentrations (Connolly et al., 2022). The
physical or chemical processes that are initiated or prevented by certain
types of surface lithology which impact As mobilization are still poorly
understood.

The aforementioned observed spatial associations between shallow
aquifer As concentrations and find-capped aquifers, including annually
flooded floodplains, could be explained by: i) kinetically limited buildup
of As concentrations in porewaters interacting with the longer physical
travel times through clay and silt layers; ii) a finite amount of easily
mobilizable As on sediments which is rapidly flushed from sands, but
flushed slowly from clays and silts (van Geen et al., 2008); iii) reductants
diffusing from clay layers which release As from aquifer sands by
reduction of Fe(III)-oxides (Mihajlov et al., 2020); or iv) freshly depos-
ited riverine sediments with abundant and easily mobilizable DOC
which acts as the reductant for Fe(III)-oxides (Polizzotto et al., 2008).
These mechanisms may not operate exclusively. Arsenic may be released
in some places by a kinetically-governed slow process, such as silicate
weathering, equilibrium-governed desorption or competitive desorption
by phosphate, or have fast kinetics that are limited only by the supply of
reactants as is the case for pyrite weathering in mountainous regions
with high rates of physical weathering (Bufe et al., 2021).

The rate of microbially-mediated reductive dissolution of Fe(III)-
oxides is limited by the availability and lability of DOC (Mailloux
et al., 2013; Stopelli et al., 2021). In such settings where Fe(III)-oxides
are the main pool of dissolved As to the aquifer, under anoxic condi-
tions, Fe(III)-reducing bacteria utilize labile DOC as electron donors
(ED) whereas Fe(III)-oxides act as electron acceptors (EA) (Islam et al.,
2004; Postma et al., 2010). This dissimilatory reductive dissolution of Fe
(III)-oxides mobilizes adsorbed As into pore-waters. The reduction of Fe
(III)-oxides is therefore coupled to DOC oxidation/mineralization,
which generates dissolved inorganic carbon (DIC) as a product. In this
way, the cycling of As and iron (Fe) is closely related to the reactivity
and availability of DOC in many aquifers.

Within the hyporheic zone (HZ) along the banks of a river with a
transiently fluctuating stage, dissolved oxygen (DO) and nitrate (NO3−)
are driven into the riverbank thereby regulating the redox state of the
HZ (Kaufman et al., 2017; Musial et al., 2016). Observations and
modeling performed along banks of the Meghna River in Bangladesh
indicated that semi-diurnal fluctuations in river stage driven by ocean
tides drive a dynamic mixing zone of oxidizing surface water and
reducing groundwater within the HZ (Berube et al., 2018; Datta et al.,
2009; Huang et al., 2022; Jung et al., 2015). This mixing between two
chemically-distinct water bodies promotes the precipitation of Fe(III)-
oxides within the HZ which removes dissolved As from the discharg-
ing groundwater. This process is referred to herein as a Natural Reactive
Barrier (NRB) (Berube et al., 2018; Johnston et al., 2015; Jung et al.,
2015; Mackay et al., 2014; Nagorski and Moore, 1999). An NRB can be
thought of as the reconstitution of the products of reductive dissolution
of Fe(III)-oxides which had previously occurred upgradient in the
aquifer (Jewell et al., 2023).

The prevalence and persistence of NRBs though time and space are
uncertain. The Fe and As bound within NRBs may not be stable long-
term owing to seasonal oscillations in riverbank redox conditions.
Under anoxic conditions, the previously precipitated amorphous Fe(III)-
oxides within the HZ can become a significant source of aqueous As and
Fe (Huang et al., 2022; Parsons et al., 2013). This is because amorphous
Fe(III)-oxides have surface areas (~600 m2/g) that are an order of
magnitude higher than more crystalline Fe(III)-oxides and possess
positively and negatively charged sorption sites (Dixit and Hering, 2003;
Jung et al., 2012; Parsons et al., 2013). Therefore, the chemical stability
of these Fe(III)-oxides and that of their bond to As impact the conditions
under which an NRB functions as a sink or source of aqueous As and Fe.
For example, laboratory experiments by Parsons et al. (2013) revealed
that redox oscillations in calcareous floodplain sediments regulate As
mobility via Fe(III)-oxide recrystallization. In their experiments, As was
mobilized under reducing conditions, but repetitive cycling between
oxidizing and reducing conditions had the net effect of immobilizing
dissolved As.

Berube et al. (2018) and Jewell et al. (2023) demonstrated active
accumulation of As in the HZ in two sites in the riverbank aquifers along
the tidal Meghna River during the dry season. Along the same reach of
the Meghna River widespread high concentrations of Fe(III)-oxides and
As were observed within the shallow riverbank sediments (<1 m) (i.e.,
17–599 mg/kg in Berube et al., 2018; 100–20,000 mg/kg in Datta et al.,
2009). One study observed such deposits up to 5 m deep (1–709 mg/kg
in Jung et al., 2015). We hypothesize two ways these deposits of high Fe
(III)-oxides with As may form. The first hypothesis is that they are
formed by advected groundwater carrying the reactants Fe and As to-
wards the river and then mixing through advection and dispersion with
the oxygenated river water within sandy, permeable sediments. The
second hypothesis is that fine sediments high in solid-phase Fe and As
concentrations are selectively deposited on the riverbanks by physical
riverine and tidal sediment transport by receding floodwaters. Two of
the aforementioned studies measured grain size (Berube et al., 2018;
Jung et al., 2015) and found that the highest Fe(III)-oxide-As deposits
were located in sandy material. This finding is consistent with the first
hypothesis since silt and clays deposited along riverbanks discourage
advective mixing with the river and therefore would not be an expected
accumulation site for Fe(III)-oxides up to 1 m deep into the sediment
(Jung et al., 2015). Further support for the first hypothesis came from a
study by Huang et al., 2022 who reported that the amount of sedi-
mentary As accumulated at three sites along an 13 km reach of the
Meghna River in central Bangladesh approximately matches the calcu-
lated mass fluxes of dissolved As in groundwater towards the river over a
period of 200 years during which the river’s course has been stable. The
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first hypothesis requires strong advective and dispersive mixing between
river water and discharging groundwater. Under such conditions, sedi-
mentary As should be associated with Fe(III)-oxides in sand. The second
hypothesis is supported by the fact that silts and clays are chemically
weathered and have substantial, charged surface areas which can also be
enriched in solid-phase As. Furthermore, seasonally flooding, and
especially tidal, rivers develop thick overbank mud deposits of fine
material (Wilson et al., 2017; Wilson and Goodbred, 2015). These are
very different processes. Once formed, each of these types of deposits
could represent a potential source of dissolved As to shallow aquifers at a
later time, but the As would be mobilized in different ways.

Given the diversity of physical and (bio)geochemical processes that
drive toxic As concentrations across shallow aquifers in the GBM delta, it
is important to study the chemical reactions that dissolved As undergoes
at the end of the shallow aquifer flow path at a wide range of sites and
along multiple rivers with contrasting present-day flow regimes and
geologic architecture. Although the impact of the NRB on As mobility
along the banks of the Meghna River has been demonstrated in several
studies, little is known about how surficial lithology more generally
influences mobilization or immobilization of As in riverbanks along tidal
rivers. Jung et al. (2015) hypothesized that riverbank aquifers with silty-
clay surficial deposits are less likely to form an NRB due to limited
mixing between river water and groundwater. However, recent studies
have demonstrated that silt and clay deposits are important sources of
dissolved As in underlying or overlying aquifers (Erban et al., 2013;
Mihajlov et al., 2020; Planer-Friedrich et al., 2012; Polizzotto et al.,
2008; Smith et al., 2018). Therefore, the processes whereby riverbank
surficial lithology regulates the chemical and mineralogical association
of As need to be tested along other tidal rivers and across the riverine to

tidal continuum. This study enhances understanding of conditions
leading to mobilization and immobilization of As and offers new insights
into the dynamics of As and Fe cycles in the shallow riverbank aquifers.

2. Materials and methods

2.1. Study area and site description

2.1.1. Background of the Hooghly River
The two riverbank study areas are located approximately 100 km

apart along the Hooghly River. The Hooghly River is a distributary of the
Ganges River, in the state of West Bengal in India (Fig. 1). The Hooghly
River experiences semi-diurnal tidal and seasonal fluctuations similar to
the Meghna River in Bangladesh (Chugh, 1961). Theses tides extend
upstream for approximately 300 km upstream from the river estuary in
the Bay of Bengal (Chugh, 1961; Deb and Chakraborty, 2015, 2013). At
Kolkata the river experiences a mean spring tide of 5.1 m (ranging from
4.6 to 5.6 m), and a mean neap tide of 3.0 m (ranging from 2.4 to 3.6 m),
for a mean neap-spring tide amplitude of 2.1 m (Deb and Chakraborty,
2015, 2013). The shallow Holocene aquifers (<60 m below ground
level, bgl) along the banks of Hooghly River in West Bengal are typically
unconfined and recharged annually by the monsoonal rainfall. The river
tends to be losing during the monsoon season and gaining during the dry
season (Kanuri et al., 2019; Mukherjee et al., 2018, 2007; Sankar et al.,
2014). The Hooghly River is characterized by its shallow riverbank
aquifers containing As-rich sediment, which had eroded from the
Himalayas and were deposited throughout the late Pleistocene and
Holocene (Bhowmick et al., 2013; McArthur et al., 2018, 2010, 2004).
Shallow aquifers along the Hooghly riverbanks contain elevated

Fig. 1. Site description and configuration of sampling wells and sedimentary cores. (A) Location of the two study sites on the eastern bank of the Hooghly River in
India. (B) Spatial location of sampling wells and sedimentary cores at the Sandy Site. The Sandy Site is located approximately 80 km north of the city of Kolkata, close
to the town called Santipur (SG). This site is located at a highly permeable sandy riverbank. (C) Spatial location of sampling wells and sedimentary cores at the Silt-
Capped Site. The Silt-Capped Site is located approximately 20 km south of the Kolkata, close to the town called Moukhali (MK). This site is located at a silt and/or
clay-capped riverbank aquifer. All wells were numbered in descending order away from the river. For example, the DP well that is furthest from the river and has the
shallowest depth is referred to as “DP1a”.
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concentrations of dissolved As and Fe, averaging 481 µg/L and 5.2 mg/L,
respectively (Bhowmick et al., 2013; Chakraborti et al., 2009; McArthur
et al., 2018, 2010, 2004).

In recent decades, human interventions have disrupted the hydro-
geomorphological regime of the Hooghly River, with an example
being the construction of the Farakka Barrage by the Indian government
in 1975. This barrage, built across the main channel of the Ganges River
in Murshidabad district in West Bengal, was initially designed to divert
and regulate the supply of dry season freshwater flows from the up-
stream Ganges River to the downstream delta region and to improve the
navigability of the Bhagirathi-Hooghly river system (Islam and Guch-
hait, 2020; Paszkowski et al., 2021). This modification of the hydro-
geomorphological environment substantially changed the hydrology
and the geomorphic balances in the south-west Ganges-dependent re-
gions (Islam and Guchhait, 2020, 2017; Mirza, 1997; Murshed et al.,
2019; Paszkowski et al., 2021). Islam and Guchhait, (2017) reported
that the banks of Bhagirathi-Hooghly River have experienced increased
erosion rates and a more pronounced channel straightening since the
construction of the barrage in 1975. The average monsoonal discharge
of the Farackka barrage down the Hooghly River is 3000 ± 1500 m3/s,
with the maximum discharge of up to 4200 m3/s during September and
a minimum of 900 m3/s during May.

2.1.2. Description of the two riverbank study sites
We developed two new riverbank sites along the east bank of

Hooghly River in the state of West Bengal in India (Fig. 1). Key physical
characteristics were sought. First, we sought riverbanks that were not
disturbed by any human-made structures, which was challenging given
that most riverbanks in the Kolkata area had been developed as ghats,
ports, or other human-made structures. Second, we sought riverbanks
that span the entire intertidal zone, experiencing submersion twice a day
under the influence of semi-diurnal tides. Third, we chose the field sites
based on their easy accessibility and proximity to the city. Lastly, the
field sites were chosen for their contrasting surficial lithologies, deter-
mined by visual inspection of initial sedimentary cores. The large dis-
tance between the sites means that the tidal amplitudes are higher at the
downstream site. Silt-capped banks increasingly dominate tidal rivers
with proximity to the coast owing to the backwater effect (Wilson et al.,
2017). Therefore, the upstream site is characterized by shallow sand
aquifer and the downstream site has a silt-capped shallow aquifer. This
is consistent with findings from previous regional studies conducted in
West Bengal, which observed that the percentage of sand in the sediment
gradually decreased downstream, leading to higher clay content in the
sediment (Mondal et al., 2018, 2020; Sarkar et al., 2017; Trifuoggi et al.,
2022). Trifuoggi et al. (2022) reported that sediments from a site near
our upstream sand site contained average of 19.5 % sand, 30.8 % silt,
and 49.7 % clay, whereas a site near our downstream silt-capped site
contained 14.9 % sand, 33.4 % silt, and 51.6 % clay.

The two sites were chosen to test the two hypotheses previously
presented. The first site, chosen to test the first hypothesis, is located
approximately 80 km north of the city of Kolkata, close to the town
called Santipur (SG) (Fig. 1A). The site is located at the eastern bank of
the Hooghly River and has highly permeable sandy surficial deposits,
herein referred to as the Sandy Site. This site has similar geology to
several previously characterized sites previously along the banks of the
Meghna River (Berube et al., 2018; Jung et al., 2015). The sandy
riverbank spans approximately 6 m from the river edge. The riverbank
spans the entire intertidal zone, where it is submerged twice a day by
semi-diurnal tides. Satellite imagery analysis and erosion volume esti-
mation demonstrated that the banks at this site experienced high levels
of erosion (estimated range 10.8 to 21.9 Mm3) since 1990 (Mukho-
padhyay et al., 2023).

The second site, chosen to test the second hypothesis, is located
approximately 20 km south of the city of Kolkata, close to the town
called Moukhali (MK) (Fig. 1A). This site has a surficial silt and/or clay-
capped riverbank aquifer at the eastern bank of the Hooghly River,

herein referred to as the Silt-Capped Site. This site is hypothesized to
limit the mixing of Fe(II)-rich groundwater and oxygen-rich river water
along the parafluvial zone in the riverbank. Therefore, it is hypothesized
that due to limited source of riverine oxygen, an NRB would not form at
the end of the flow path at this site. This site experiences greater tidal
fluctuations than the Sandy Site with strong backwater effects. Thus, the
site accumulates new silt deposits. The riverbank spans approximately
23 m from the river edge and is submerged twice a day. The estimated
erosion volumes of riverbank sediment at the banks at this site since
1990 were lower (estimate range 1.8 to 5.3 Mm3) than the Sandy Site
(Mukhopadhyay et al., 2023). The surficial lithologies of the sites were
determined by visual inspection of sedimentary cores.

2.1.3. Groundwater well installation and sedimentary core collection
At the Sandy Site, twenty-one drive-point piezometers and vadose-

zone lysimeters were installed across a 6 m-long transect oriented
orthogonal to the river shoreline (Fig. 1B). The transect was composed of
three different types of wells: i) ten drive-point piezometers were
installed to collect depth-specific groundwater samples from below the
water table to analyze chemical composition in the riverbank aquifer to
depths of 1 and 1.5 m bgl. These wells were composed of a stainless-steel
drive-point piezometer head with 15 cm screen (Model 615, Solinst
Canada Ltd, Georgetown, ON, Canada) and a 16 mm outer diameter
stainless-steel pipe. These wells are referred to hereafter as the DP wells;
ii) eight 22 mm outer diameter vadose-zone lysimeters (SSAT, Irrometer
Company Inc., Riverside, CA) were installed across the intertidal zone to
sample the porewater above the dynamically fluctuating water table in
the vadose-zone. These wells are referred to hereafter as the VZ wells;
and iii) two mini-piezometers were installed in the riverbed, located
several meters from the river shoreline to sample upwelling ground-
water before it discharges to the river. These wells are referred to
hereafter as the MN wells. Lastly, one river water sample was collected
at each site 30 cm below the water surface 5 m from the riverbank.

Three 1.2 m long sediment cores were collected along a transect
orthogonal to the river from the low tide shoreline to 2.5 m inland. The
cores were collected using a direct push sediment probe (Sediment
Sampler, AMS Inc., American Fall, ID) with a slide hammer loaded with
clear plastic liners (2.5 cm diameter and 60 cm length). These cores were
collected to measure sediment chemistry generally, and to examine as-
sociations between Fe and As and mineral phases.

At the Silt-Capped Site, a total of 12 vadose-zone lysimeters were
installed across an approximately 23 m-long transect oriented orthog-
onal to the river shoreline (Fig. 1C). Vadose-zone lysimeters were
installed to sample porewaters at depths of 10, 30, 60 cm bgl. These
wells are referred to hereafter as the MVZ wells. Three 1.2 m length
sediment cores were collected from the low tide shoreline to 3.5 m
inland. Grain sizes of all sediment cores were estimated on-site by hand
observation.

2.2. Aqueous phase chemistry analysis

2.2.1. On-site aqueous chemistry measurements
Each DP well was pumped until temperature, pH, specific conduc-

tance (SC) and Oxidative-Reductive Potential (ORP) stabilized. The DP
wells were pumped with a peristaltic pump (Model 410, Solinst Canada
Ltd., Georgetown, ON, Canada) with the manufacturer’s low-flow
adaptor and size 15 Masterflex tubing. The target flow rate was 50
mL/min. Each VZ and MVZ well was depressurized with a bicycle pump.
Equipped with a permeable ceramic cup on the end, these lysimeters
absorb vadose-zone porewater from the surrounding soil as they are
placed under vacuum. Redox-sensitive groundwater parameters, DO,
NO3−, ammonium (NH4), sulfide (H2S), manganese Mn2+, and Fe2+ were
measured on-site using colorimetric tests with a portable spectropho-
tometer (V-2000, CHEMetrics Inc., Midland, VA). Approximate con-
centrations of dissolved total As were measured on-site using a
colorimetric arsenic test kit with an accuracy of ±18 ppb (Econo-Quick
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arsenic test kit, Industrial Test Systems Inc., Rock Hill, SC).
The larger tidal fluctuations at the Silt-Capped Site, limited access to

the riverbank, and the low permeability of the silt meant that there was
insufficient time to sample the porewaters. Therefore, on-site aqueous
chemistry measurements were solely conducted at the Sandy Site.
However, the porewater samples for laboratory aqueous chemistry
measurements were collected both at the Sandy site and the Silt-Capped
site.

2.2.2. Laboratory aqueous chemistry measurements
Thirty-one water samples were collected at the Sandy Site and the

Silt-Capped Site to perform laboratory aqueous chemistry measure-
ments. All water samples to be analyzed by laboratory instruments were
filtered on-site through a 0.45 μm nitrocellulose syringe filter (Millipore
Millex – HP, Merck KGaA, Darmstadt, Germany) using a plastic syringe
into acid-cleaned 20 mL High Density Polyethylene (HDPE) vials that
were pre-rinsed at least three times with the sample water. Major cations
(Na+, NH4+, K+, Mg2+, Ca2+) and anions (Cl−, Br−, SO42−, F−, NO3−, and
NO2−) were analyzed using ion chromatography (IC) (Thermo Dionex
Integrion, Thermo Fisher Scientific, Waltham, MA). The cation and
anion samples were stored in a refrigerator at 4 ◦C and analyzed by IC at
the Texas A&M University (TAMU) within 4 weeks of sampling.

Water samples for DOC analysis were filtered through 0.7 μm
diameter ashed GF/F syringe filters (Whatman, Cytiva, Marlborough,
MA) and stored in 40 mL amber glass vials that were pre-loaded with 20
μL of 12 M Optima grade HCl. The DOC samples were stored in a
refrigerator at 4 ◦C (Fellman et al., 2008) and analyzed as non-purgeable
organic carbon (NPOC) by a Shimandzu TOC-VCSH at the Hazen
Research lab within 2 weeks of sampling (Hazen Research Inc., Golden,
CO), following United States Environmental Protection Agency (USEPA)
method 415.1 (Potter and Wimsatt, 2005). The alkalinity of ground-
water samples was measured on the same day of sampling following a
modified Gran titration method (Appelo and Postma, 2005; Gran, 1952).
The 0.0145 M HCl titrant was used to perform titrations on the water
samples, with an approximately volume of 15 mL.

2.3. Sediment core analyses

The collected sediment cores were immediately sealed in-situ using a
fitted rubber cap and electrical tape to discourage oxygen diffusion. The
cores were stored at −10 ◦C in a freezer and analyzed within 4 weeks of
sampling. The sediment cores were subdivided into 5 to 10 segments of
10 to 15 cm in length to analyze for the depth-specific sedimentary
chemistry of the two field sites (Sandy site, n = 23; Silt-Capped Site, n =

19).

2.3.1. Elemental and mineralogical characteristics of sediments
The bulk elemental compositions of the sediment samples were

determined using a hand-held X-ray fluorescence (XRF) spectrometer
(Niton XL3t 500 GOLDD, Thermo Scientific, Waltham, MA). All the
sediment from each segment was homogenized, placed in a trimmed
paper cup with diameter of 2.2 cm, and covered with clear polyethylene
wrap. Data collection involved a 180-second measurement time on each
sediment sample (60 s for the main filter, 60 s for the low filter, and 60 s
for the light filter) at a maximum voltage of 40 kV. Two standard
reference materials, NIST 2709a and CCRMP Till-4, were measured,
indicating an average difference of 8.1 % from the certified As concen-
trations. This falls well within the acceptable error range of 20 % for the
hand-held XRF.

To estimate the redox state and abundance of sedimentary Fe, the
diffuse reflectance spectrums of the sediment samples were measured
using a spectrophotometer (CM-600d, Minolta Corp., Tokyo, Japan)
following a previously established method that is summarized below
(Horneman et al., 2004). The sediment samples were prepared in a
paper cup covered with clear polyethylene wrap (n = 42). The mea-
surements were recorded in relation to a BaSO4 standard, using a D65

illuminant with the instrument’s observer angle set to 10◦. Two readings
were taken for each sample. Each reading is an automated average of 5
measurements. To determine the statistical differences between the
riverbank types, a Mann-Whitney U test was performed using a signifi-
cance value of p = 0.05 using JMP pro 17 software (JMP Statistical
Discovery LLC, Cary, NC).

2.3.2. Sediment extractions
Sediment extractions using either deionized (DI) water or 1.2 N HCl

were performed on the collected sediment samples from the two study
sites (Sandy Site, n = 11; Silt-Capped Site, n = 11).

The water-extraction experiment was performed to determine the
concentration of water-soluble constituents in the sediment samples. For
each extraction, 1 g of sediment was placed in a 50 mL centrifuge tube
containing 40 mL of DI water. The tubes were then placed on a shaker
table to mix for 24 h at 75 rpm under oxic conditions at room temper-
ature. After 24 h, the slurries were centrifuged, and the pH and SC of the
supernatant were immediately measured. The supernatant was then
filtered through a 0.45 µm syringe filter and separated into two separate
aliquots for subsequent analyses (unacidified and 0.2 % v/v HNO3
acidified).

A separate HCl-extraction experiment was performed to determine
the concentrations of the constituents associated with reducible and
amorphous Fe(III)-oxides. For each experiment, 1 g of sediment sample
was placed in a 15 mL centrifuge tube containing 10 mL of 1.2 N HCl
solution. The slurry was then placed in a 75 ± 5 ◦C hot water bath for
one hour. After one hour, 0.5 mL of the supernatant was filtered through
a 0.45 µm syringe filter and diluted by a factor of 100.

Major and trace elements of the extracts from the two leaching ex-
periments were measured by Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS) (Agilent 7850 ICP-MS, Santa Clara, CA, USA)
following an internal analysis method at the Advanced Materials
Research Centre (AMRC) at the Indian Institute of Technology, Mandi.
The concentrations of Fe(II) in the HCl extracts were determined by the
Ferrozine method at an absorbance of 562 nm using a single beam
benchtop spectrophotometer. The HCl-extractable concentrations of Fe
(III) in the sediment samples were calculated by subtracting the Fe(II)
concentrations measured by the Ferrozine method and the total Fe
concentrations in the HCl-extracts determined by ICP-MS.

2.4. Multivariate analysis and geochemical modeling

2.4.1. Principal Components analysis
To visualize the correlation structure of aqueous and sedimentary

chemical parameters and thereby identify clusters of samples whose
chemical properties differ from each other, the aqueous and sedimentary
geochemistry data were analyzed by Principal Components Analysis
(PCA) using JMP Pro 17 and Scikit.learn, an open access Python machine
learning library. Principal Components Analysis reduces the number of
variables into principal components (PCs). These PCs are ranked by the
proportion of the total variance they describe in descending order.
Principal Components Analysis was performed four times on the
aqueous and sedimentary chemical parameters for both the Sandy Site
and the Silt-Capped Site samples.

2.4.2. Calculating saturation indices and charge balance error
To determine the dominant geochemical processes along the flow

path across the shallow riverbank aquifers by establishing the thermo-
dynamic status of each mineral, saturation indices (SIs) were calculated
for major prospective minerals, including Fe(III) oxide minerals, sulfate
minerals, carbonate minerals, and evaporites. These were plotted
spatially to visualize how SIs evolve along the flow-paths discharging to
the river. Groundwater chemistry parameters, including temperature,
pH, alkalinity, DO, NO3−, NH4, H2S, Mn2+, Fe2+, As, Na+, NH4+, K+,
Mg2+, Ca2, Cl−, Br−, SO42−, NO3−, and NO2−, were entered into PHREEQC
Interactive software Version 3. The Wateq4f database was utilized in the
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calculations. Two redox couples (O(0)/O(−2) and N(−3)/N(5)) were
utilized to estimate the redox state or Eh of the porewaters. The model
speciates redox-sensitive dissolved elements such as Fe and As according
to the Eh. In the case of Fe, the oxidized species precipitates fully as Fe
(III)-oxides. Therefore, modeled dissolved concentrations of redox-
sensitive species may strongly differ from the observed concentrations
and the SI values of minerals which contain redox-sensitive elements are
highly sensitive to the value of Eh. Detailed descriptions of methods of
the calculation of Charge Balance Error (CBE) can be found in the sup-
plementary information (Text S1).

3. Results and discussion

3.1. Natural reactive barrier at the sandy site

At the Sandy Site (Fig. 1B), dissolved As and Fe concentrations
consistently decreased along the groundwater flow path towards the
Hooghly River (1000 to 0 µg/L and 10 to 0.1 mg/L, respectively)
(Fig. 2A and B). River water samples contained low concentrations of
dissolved As and Fe2+ (0 µg/L and 0.1 mg/L) (Fig. 2A and B). Nitrate
(NO3−) concentrations decreased towards the river (4.3 to 0.7 mg/L)
(Fig. 2C), however, dissolved oxygen (DO) concentrations were consis-
tently high in the riverbank, ranging from 5.1 to 8.0 mg/L, for all wells
and lysimeters except for DP3b well, located 1.5 m from the low tide
river edge (Fig. 2D). Well DP3b contained only 0.8 mg/L DO. This one
exception notwithstanding, such high DO concentrations in a riverbank
were not previously observed in any of the study sites in which pore-
water chemistry has been observed along the Meghna River (Berube
et al., 2018; Jewell et al., 2023; Jung et al., 2012, 2015; Kwak et al., in
press). Dissolved organic carbon (DOC) concentrations decreased to-
wards the river (2.1 to 1.3 mg/L) (Fig. 2E). Dissolved inorganic carbon
(DIC) concentrations, measured as alkalinity, were highest proximate to
the river (185.9 to 952.6 mg/L) (Fig. 2F). If all the alkalinity is assumed
to be from HCO3−, the concentrations of DIC range from 3 to 11 mmol. In
contrast, only 0.02 mmol of carbon appears in DOC in the porewaters.
Therefore, the observed high DIC concentrations cannot be generated
from oxidation of DOC in porewaters across the flow path towards the

river, but rather through decomposition of sedimentary organic carbon
(SOC) (Aftabtalab et al., 2022; Gao et al., 2019; Lau et al., 2015;
Schittich et al., 2018).

Porewater temperatures decreased towards the river (36 to 32 ◦C)
(Fig. 2G). The higher temperature of the porewaters here (32 to 36 ◦C)
compared to shallow aquifers in the region (24 to 27 ◦C) (Sankar et al.,
2014) suggests that the proximity of water table to ground surface drives
porewater temperatures higher as the mean daily temperature during
the month of May is ~34 ◦C in Kolkata (Khan et al., 2015). Then, the
decrease in temperature in the riverbank with proximity to the river is
evidence of mixing with the cooler river water. The river has an average
temperature of 30 ◦C this time of year (Kanuri et al., 2019).

The pH decreased with proximity to the river (7.7 to 7.0), whereas SC
increased (391 to 1320 µS/cm) (Fig. 2H and 2I). The decrease in pH and
increase in SC levels are chiefly caused by the aerobic respiration of SOC,
which generates carbonic acid (H2CO3) which dissociates to HCO3−

thereby increasing acidity and introducing the main anion. Spatial dis-
tributions of concentrations of major cations (Na+, NH4+, K+, Mg2+,
Ca2+) and anions (Cl−, Br−, SO42−, NO3−, NO2−, and HCO3−) across the
riverbank aquifer at the Sandy Site are presented in the supplementary
information (Figs. S2-S3, Fig. S6, Text S2).

An actively growing NRB would manifest as an active sink for dis-
solved As and Fe within the HZ of riverbanks in gaining river systems
(Berube et al., 2018; Datta et al., 2009; Huang et al., 2022; Jung et al.,
2015). An active sink can be demonstrated by observing decreasing
concentrations of As and Fe towards the river, after accounting for
dilution with river water. At the Sandy Site, dissolved As and Fe2+ are
removed from solution in the bidirectional mixing zone between dis-
charging groundwater and the river. Products of aerobic respiration of
SOC are generated at the same time. These results strongly suggest that
an NRB is present and acting as a sink for both dissolved As and Fe at the
end of the flow path at the Sandy Site with the abundant oxygen
oxidizing both the SOC and the Fe2+ arriving from the aquifer. Such a
highly oxygenated riverbank that is acting as an active sink of As and Fe
has not previously been documented in the Bengal Basin to the authors’
knowledge.

In the PC1 vs. PC2 loadings plot (Fig. S1), dissolved As and Fe2+

Fig. 2. Porewater chemistry profiles across the riverbank at the Sandy Site. Redox-sensitive elements As, Fe2+, NO3−, and DO (A-D), dissolved carbon species (E-F),
and field groundwater parameters (G-I) were plotted. Blue triangles and blue circles represent shallow (0.6 m) and deep (1.5 m) DP wells (drive-point piezometers),
respectively. Red triangles and red circles represent shallow (0.1 m) and deep (0.3 m) MN wells (mini-piezometers), respectively. The black diamond represents the
river water. The temperature and DO of the river are from Kanuri et al., 2019. The light blue box represents the stage of the Hooghly River at lowest tide (subtidal
zone). The x axis describes the distance of each well from the dry season river shoreline during low, neap tide. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

K. Kwak et al. Journal of Hydrology 641 (2024) 131773 

6 



closely grouped. The loading vectors of As and Fe2+ plotted in the
opposite quadrant to other redox-sensitive parameters such as DO and
NH4+, which are the product of aerobic degradation of organic carbon.
Thus, there is a strong negative correlation between As, Fe2+, and DO,
NH4+ across the riverbank. In the DP well that contained the highest
concentrations of dissolved Fe2+ (~10 mg/L), the DO concentrations
were the lowest (~0 mg/L). The wells with low concentrations of dis-
solved Fe (~0.1 mg/L) contained high DO concentrations (~8 mg/L)
(Fig. 2B and D). The patterns in the multivariate data further support the
contention that active precipitation of Fe(III) oxide minerals is a sink for
dissolved As and Fe2+ at the Sandy Site. Studies published by Bhowmick
et al. (2013) on the eastern bank of the Hooghly River in the area
describe shallow aquifer As and Fe2+ concentrations that range from 164
to 798 µg/L and 2.8 to 7.6 mg/L, respectively. Thus, the similarly high
dissolved As and Fe2+ concentrations in the intertidal zone 2–4 m away
from the river edge are consistent with the notion of advected shallow
groundwater carrying these reactants into the HZ.

The presence of abundant DO throughout the sandy riverbank leaves
little doubt that this high energy EA drives oxidation of OC and dissolved
Fe2+ within the aquifer system. This role of DO as the primary EA is a
characteristic not previously identified in study sites along other river-
banks characterized in Asian deltas with shallow reducing aquifers. In
these riverbanks, concentrations of DO and NO3− in porewater samples
were always scarce (<1 mg/L) (Berube et al., 2018; Datta et al., 2009;
Jewell et al., 2023; Jung et al., 2015; Kwak et al., in press; Larsen et al.,
2008; Polizzotto et al., 2008; Postma et al., 2007). At their study site
along the eastern bank of Meghna River during the dry season when
tides exert a strong influence on river stage, Berube et al. (2018)
observed that, despite the presence of high concentrations of solid-phase
Fe(III)-oxides and net removal of As at the end of the flow path, a net
positive flux of dissolved Fe2+ was still being released to porewaters in
this zone. At another Meghna riverbank located 7 km upstream from the
aforementioned one, Jewell et al. (2023) observed the same phenome-
non of concurrent removal of As and release of dissolved Fe at the end of
the flow path within a bidirectional mixing zone with the river. These
two studies agreed that reductive dissolution of Fe(III)-oxides may occur

concurrently with the sorption of dissolved As onto the remaining Fe
(III)-oxides yet to undergo reduction. Jewell et al. (2023) suggested
that this net removal of As in the face of reduction of some Fe(III)-oxides
could be explained by the ambient chemistry produced by organic
matter oxidation and silicate weathering within the floodplain, which
produces abundant DIC, phosphate and silica. Laboratory studies
demonstrated that these solutes in particular encourage the entrainment
of As into stable crystalline forms of Fe(III)-oxides such as ferrihydrite
and goethite (Senn et al., 2018). In contrast to these other sites where
oxygen was scarce, along the riverbank of the Sandy Site in this study,
both dissolved As and Fe2+ are actively removed from the porewaters,
indicating that nearly all of the dissolved Fe2+ is actively being oxidized
and precipitated within the riverbank aquifer.

Saturation indices for Fe(III)-oxide, carbonate, sulfate, and evaporite
minerals were calculated to evaluate mineral solubility along the flow
path across the Sandy Site’s riverbank (Fig. 3). Iron oxide minerals were
consistently supersaturated across the riverbank (Fig. 3A–C). Saturation
indices for amorphous Fe(III)-oxides ranged approximately from 1.8 to
3, while those for goethite ranged approximately from 6 to 8 (Fig. 3A
and B). Additionally, magnetite had SIs ranging from 15 to 22 (Fig. 3C).
Calcite was near equilibrium (0 to 1) and increased with proximity to the
river (Fig. 3D). Siderite was slightly supersaturated (0.1 to 1.3) in the
1.5 m deep DP wells on the exposed riverbank, but undersaturated (−4.7
to −3.0) near the water table in the 0.6 m deep DP wells (Fig. 3E).
Mackinawite was undersaturated (−3.9 to −3.3) in the 0.6 m deep DP
wells (Fig. 3G). Conversely, these samples were undersaturated for
gypsum and halite (−3.6 to −3.2 and −7.8 to −8.4, respectively)
(Fig. 3F and I) but were supersaturated (22.5 to 25.2) for pyrite
(Fig. 3H). Thus, the precipitation of Fe(III)-oxide minerals is supported
by thermodynamics. These serve as trap for dissolved Fe2+ and As at the
end of the flow path at the Sandy Site’s riverbank (Fig. 1).

3.2. Major cations and anions in porewaters at Silt-Capped Site

As previously mentioned, due to limited access to the riverbank at
the Silt-Capped Site, only IC analysis was conducted on the porewater

Fig. 3. Saturation indices of porewater samples from DP wells inferred from PHREEQC model using Wateq4f database. (A) amorphous Fe(III)-oxide (FeOOH), (B)
goethite (α-FeOOH), (C) magnetite (Fe3O4), (D) calcite (CaCO3), (E) siderite (FeCO3), (F) gypsum (CaSO4⋅2H2O), (G) mackinawite (FeS), (H) pyrite (FeS2), and (I)
halite (NaCl).
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samples from the site. Spatial distributions of major cations (Na+, NH4+,
K+, Mg2+, Ca2+) and anions (Cl−, Br−, SO42−, NO3−, NO2−, and HCO3−)
across the vadose-zone at the Silt-Capped Site are presented in the
supplementary information (Figs. S4–S6, Text S2).

3.3. Higher proportions of crystalline Fe(III)-oxides at the sandy site than
the silt-capped site

A total of six sediment cores were collected from the two field sites,
each subdivided into 5 to 10 segments with 10 cm to 15 cm lengths, to
assess the depth-specific sedimentary chemistry along the riverbanks.
Approximate grain size of the sediment at each site were estimated by
hand observation. The Sandy Site riverbank had homogeneous medium
sand, whereas the Silt-Capped Site riverbank had predominantly silt to
silty-clay with intercalating fine sand (Table S2). The average concen-
trations of bulk sedimentary As and Fe, measured by a hand-held XRF
differed between the two sites. At the Silt-Capped Site, the bulk As and
Fe concentrations (9.0 ± 5.6 mg/kg and 18.5 ± 3.0 g/kg, respectively)
were greater than those found at the Sandy Site (2.8 ± 1.3 mg/kg and
10.7 ± 4.0 g/kg, respectively) (Table. 1, Fig. 4). The concentrations and
proportions (concentrations compared to bulk concentrations measured
by XRF) in mobilizable phases, measured by DI water and HCl extrac-
tions also differed between the sites. Sediment cores from the Silt-
Capped Site contained higher concentrations and proportions of mobi-
lizable As and Fe compared to those obtained from the Sandy Site (Table.
1, Fig. 4). The Silt-Capped Site sediment contained 0.3 mg/kg of water-
extractable As (4 % of the bulk As concentrations) and 2.3 mg/kg of HCl-
extractable As (26 %), whereas the Sandy Site sediment contained 0.1
mg/kg of water-extractable As (1.8 %) and 0.7 mg/kg of HCl-extractable
As (25 %). The Silt-Capped Site sediment contained 40.5 mg/kg of
water-extractable Fe (0.2 % of the bulk Fe concentrations), 0.8 g/kg of
HCl-extractable Fe(II) (4.3 %), and 7.0 g/kg of HCl-extractable Fetotal
(37.5 %). The Sandy Site sediment contained 3.0 mg/kg of water-
extractable Fe (0.03 %), 0.3 g/kg of HCl-extractable Fe(II) (2.6 %),
and 2.9 g/kg of HCl-extractable Fetotal (26.9 %).

Differences in the redox state of sedimentary Fe between the Sandy
Site and the Silt-Capped Site are further described by the diffuse
reflectance measurements. The first transform derivative of diffuse
reflectance measurements (ΔR) at 520 nm can be used to estimate the
proportions of more crystalline Fe(III)-oxides, such as goethite or he-
matite, in sediments (Horneman et al., 2004). Despite the sand from the
Sandy Site containing lower concentrations of bulk sedimentary Fe, it
consistently had higher ΔR values at 520 nm (average 0.38) in com-
parison to silt from the Silt-Capped Site (average 0.17) (Fig. 5A). Pre-
vious observations have indicated an inverse correlation between the Fe
(III) and Fe(II) in sediments (Horneman et al., 2004). This inverse cor-
relation was the case for the Hooghly riverbank sediments, where the
proportion of HCl-extractable Fe(II) displayed an inverse correlation
with ΔR at 520 nm (R2 = -0.65, p = 0.002) (Fig. 5B). Thus, the sand
contains higher proportions of crystalline Fe(III)-oxides such as goethite
or hematite than the silt.

In addition to the differences in bulk sedimentary As and Fe

concentrations and their proportions in mobilizable phases between the
Sandy Site and the Silt-Capped Site the relationship between solid-phase
As and Fe concentrations differed drastically between the two sites. HCl-
extractable As and Fe concentrations were correlated in the Sandy Site
sediments (R2 = 0.74, p = 0.001), whereas at the Silt-Capped Site, there
was a weak negative relationship between As and Fe (R2 = 0.40, p >

0.05) (Fig. 5C). In contrast, HCl-extractable Fe(II) and Al in the Silt-
Capped Site were strongly related (R2 = 0.91, p = 0.001), suggesting
an association between Fe(II) and aluminosilicate clay minerals in the

Table 1
Table showing the average measurements with standard deviation for the bulk solid-phase, water-extractable, and the HCl extractable parameters. The values in
parentheses represent the minimum and maximum values measured for each parameter.

Bulk Sediment Water Extracts HCl Extracts

Fe
(g/kg)

As
(mg/kg)

Mn
(mg/kg)

ΔR
520 nm

Fe
(mg/kg)

As
(mg/kg)

Mn
(mg/kg)

Fe
(g/kg)

Fe(II)
(g/kg)

As
(mg/kg)

Mn
(mg/kg)

Sand
(n ¼ 11)

10.7 ± 1.7
(8–16)

2.8 ± 1.3
(1–5)

212 ± 41
(150–280)

0.4 ± 0.1
(0.3–0.5)

3.0 ± 2.0
(1.1–6.5)

0.1 ± 0.1
(0–0.1)

0.3 ± 0.2
(0–1)

2.9 ± 0.8
(2–5)

0.3 ± 0.1
(0.2–0.5)

0.7 ± 0.2
(0.4–1.0)

107 ± 35
(76–195)

Silt
(n ¼ 11)

18.5 ± 3.0
(15–26)

9.0 ± 5.6
(5–23)

205 ± 150
(0–401)

0.2 ± 0.2
(0–0.4)

40.5 ± 60.0
(3–175)

0.3 ± 0.3
(0–1)

0.6 ± 0.8
(0–3)

7.0 ± 3.7
(2–15)

0.8 ± 0.4
(0.3–1.5)

2.3 ± 1.7
(1.0–6.4)

212 ± 122
(55–372)

MWW
pvalue

<0.001 <0.001 0.948 0.001 <0.001 <0.001 0.793 0.003 <0.001 <0.001 0.149

Bold text denotes statistical differences (p < 0.05) between the silt and sand based on a non-parametric Mann-Whitney-Wilcoxon Test.

Fig. 4. Bulk sedimentary, HCl extractable, and water extractable concentra-
tions of (A) Fe, (B) As, and (C) Mn. For visual comparison, the Sandy Site
sediment samples are grouped on the left side of the plot in blue and the Silt-
Capped Site sediment samples are grouped on the right side of the graph in
red. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Silt-Capped Site. These statistical relationships suggest that HCl-
extractable As is associated with Fe(III)-oxides in the sand at the
Sandy Site, whereas in the Silt-Capped Site, the As was primarily
released from clay mineral hosts, such as aluminosilicate clay minerals
which are commonly associated with As in the Bengal basin (Aziz et al.,
2008; Charlet et al., 2007; Mihajlov et al., 2020; Varner et al., 2023).

3.4. Contrasting As mobility across two riverbanks

The contrast between the two sites in the amount and proportion of
As mobilized by DI water and HCl suggests that sedimentary As was
mobilized under distinct, site-specific conditions at each site (Table 1,
Figs. 4 and 6). In the HZ, which can span several kilometers in width
depending on regional geology, interactions between groundwater and
surface water can significantly impact As mobility within shallow
aquifers through fluctuating redox conditions, the advective and
dispersive transport of oxidants and reductants, and the organic matter
metabolization (Burrows et al., 2017; Cardenas 2015; Fischer et al.,
2005; Lawson et al., 2008; Mukherjee et al., 2018; Shuai et al., 2017;
Stegen et al., 2023; Varner et al., 2024, 2022; Xia et al., 2023). These
interactions within HZ effectively metabolize both riverine and river-
bank organic matter, thereby transforming the HZ into a biogeochemical
hotspot with increased chemical reaction rates across extensive areas
along river corridors (Burrows et al., 2017; Shuai et al., 2017; Stegen
et al., 2023). Previous studies conducted along the Meghna River have
linked As mobility to the fate of Fe(III)-oxides within the HZ of the
riverbanks (Berube et al., 2018; Jung et al., 2012, 2015; Kwak et al., in
press; Varner et al., 2022). At the Sandy Site along the Hooghly River in
India, the strong correlation between the HCl-extractable As and Fe

Fig. 5. (A) Spectra showing first transform derivative of the diffuse reflectance data (ΔR) along wavenumbers between 400 and 700 nm. The vertical light grey bar
indicates the ΔR at 520 nm. (B) Correlation between the ΔR at 520 nm and the percentage of HCl extractable Fe(II). (C) Correlation between HCl-extractable Fe and
HCl-extractable As.

Fig. 6. Schematic model of the two study sites with contrasting lithology and
the mobility of As at the two riverbanks. (A) Formation of an NRB along high-
permeable sandy riverbank at the Sandy Site. The mobility of As is associated
with redox condition of the riverbank and Fe(III)-oxide formation. The NRB is
acting as a sink for dissolved As (B) No formation of an NRB at the Silt-Capped
Site owing to limited mixing between oxidizing river water and groundwater.
The mobility of As is associated with aluminosilicate clay minerals at the
overlying silt layer. The silt layer can act as a source for dissolved As.
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within the sand indicates the presence of As-bearing Fe-oxides within
the HZ (Fig. 5). Unlike previously characterized riverbank sites along the
Meghna and Red Rivers in Bangladesh and Vietnam, at the Sandy Site
along the Hooghly River, the infiltrating riverine oxygen sustains oxic
conditions in the sandy riverbank. This drives the active precipitation of
Fe(III)-oxides which absorb As from the discharging groundwater to-
wards the river. Evidence for As removal from porewaters was demon-
strated in sandy riverbanks at several locations along the Meghna River
(Berube et al., 2018; Jung et al., 2015, 2012). Berube et al. (2018) re-
ported the presence of an NRB at a depth of approximately 1–3 m and
extending 20 m from the river shoreline. At the Sandy Site, our findings
demonstrate that an NRB could potentially exist within the final meter of
the flow path over an approximately 6-m-wide riverbank. Furthermore,
the simultaneous active sink of dissolved As and Fe in the presence of
abundant DO was not previously observed along any riverbank in the
Bengal Basin to the authors’ knowledge.

The concentration of As-bearing Fe(III)-oxides in riverbanks deserves
attention because these deposits may reductively dissolve when the
riverbank becomes anoxic owing to sustained flooding or the input of
labile organic matter in the sediments or as DOC in the infiltrating river
water (Gao et al., 2023). Subsequently, the microbially-mediated
reductive dissolution can liberate As into porewaters. The mobilized
As could then potentially be transported into deeper and further aquifers
during monsoon seasons (Polizzotto et al., 2005). Thus, where there is a
sink for dissolved As, changing Eh or pH conditions could convert it into
an important source.

At the Silt-Capped Site 80 km downstream from the Sandy site within
a more tidally dominated part of the river, the lack of correlation be-
tween HCl-extractable As and Fe in the silt indicates that the As is not
primarily associated with Fe(III)-oxides. There is in fact more abundant,
and more mobilizable As than found in the Sandy Site where As is
actively being sequestered. The elevated concentrations of water soluble
and exchangeable As in the silt may be explained by its association with
organic matter in the silty riverbank, which is also known to adsorb As
(Wang and Mulligan, 2006). Furthermore, the high correlation between
HCl-extractable Fe(II) and Al in the silt (R2 = 0.91) indicates that
reduced Fe predominates in more highly weathered phyllosilicates,
which have higher average proportions of Al:Si than parent feldspar
minerals (Stumm and Morgan, 1996). Silts and clays are known to
adsorb or incorporate As in their mineral structures (Beaulieu and
Savage, 2005; Charlet et al., 2007). In this case, the silt will act as a
source of dissolved As across the riverbank through desorption of
percolating recharge water. Lastly, if organic matter is present in con-
centrations high enough to drive the reduction of sulfate, sulfide pre-
cipitation may proceed to scavenge the immobilized As within the
riverbank (Connolly et al., 2022; Huyen et al., 2019).

Our findings collectively suggest that the differences in As associa-
tions within riverbank sediments spanning from more riverine to more
tidal dominated flow regimes of a deltaic river have contrasting impacts
on the mobilization of dissolved As into the adjacent riverbank aquifer.
Within sandy sediments, As is actively being sequestered onto the Fe
(III)-oxide minerals under oxic conditions, whereas desorption from
clay minerals and SOC in the finer grained sediments can proceed under
a variety of redox states and may instead be more related to equilibrium-
governed desorption (van Geen et al., 2008). When this fraction of
mobilizable As from silts enters the shallow aquifer, it can cause wide-
spread contamination (Aziz et al., 2008; Mihajlov et al., 2020).

4. Conclusion

This research aims to investigate the differences in the mineralogical
association of As within riverbank sediments from two sites with con-
trasting surficial lithologies. At the riverbank of the Sandy Site, owing to
robust tidally-driven advective mixing with oxygen-rich surface water,
high levels of riverine oxygen were replenished into the HZ, maintaining
oxic condition of the riverbank aquifer. Utilizing abundant introduced

riverine DO as an electron acceptor, high proportions of crystalline Fe
(III)-oxides (i.e., NRB) were precipitated acting as a sink for dissolved
As and Fe2+ at the end of the groundwater flow path (Fig. 6A). This is
why the concentrations of HCl-extractable sedimentary As and Fe were
found to be strongly correlated in the sand. Concurrently, using the DO
as primary electron acceptor, DOC was mineralized across the flow path,
generating high concentrations of DIC. Calcite dissolution attenuates the
acidity from the DOC mineralization, which contributed to the bulk DIC
pool (Text S2). Conversely, even though the sediment from the Silt-
Capped Site contained higher concentrations sedimentary As and Fe, it
contained lower proportion of crystalline Fe(III)-oxide minerals than the
Sandy Site sediment. The sedimentary As in the silt was correlated with
aluminosilicate clay minerals rather than Fe(III)-oxides (Fig. 6B). These
minerals in the silt can potentially act as source of dissolved As through
equilibrium-regulated desorption of percolating recharge water across
broad floodplains. The surficial lithology of a riverbank under influence
of tidal fluctuations plays an important role in regulating the mobility of
As and its chemical association to mineral groups within shallow
riverbank sediments. This study provided better understanding of the
varying sinks and sources of dissolved As at surface water-groundwater
interfaces in riverbanks along the riverine to tidal continuum.
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